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2.0 ABSTRACT

The scientific computer program SIGNIR was written to provide
predictions of the infrared emission from axisymmetric turbojet,
turbofan and turboshaft engine exhaust system hot surfaces. This
manual provides the program user with ell information necessary
to obtain predictions of the infrared signature of any selected
exhaust system. The program conducts its own internal flow analysis
end thermal balance to provide the system surface temperature dis-
tribution. Both surface radiation, including multiple surface re-
flections, and special surface cooling methods are employed by the
progrem. The radiant intensity of the emitted energy, attenuated
by the atmosphere, is provided for selected renges and system off-
axis engles for infrared wavelengths of from one to 15 microns at
0.05 micron increments. Also, selected infrared radiant intensity
bandwidth s>mations may be requested which can include the detector
response cheracteristics.

The physical exhaust system selected is translated into a
mathematicel program model by the user. All required internal
program decisions are keyed from the model input data. This
manual provides the user with a description of the program, the

analytical techniques employed, the methods required .to model the
selected exhaust system, program input data requirements and ocutput
Guia uvailwvie. Tne user will iind that little knowieage 1s re-
quired of the program's interneal operations to be capable of utiliz-
ing program SIGNIR for exhaust system signature predictions.
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3.0 FROGRAM DESCRIPTION

The description of the infrared signature prediction program
(SIGNIR) is provided by the following sections which cover a general
description of the program, the program computational procedure and
the analytical methods utilized in obtaining the solution. A sec-
tion covering special date computation is provided to aid the program
user.,

3.1 GENERAL

The program SIGNIR is a digital computer program written for
the purpose of providing predictions of-the hot metal infrared emis-
sion from aircraft engine exhaust systems. The program is designed
to be applirable to axi-symmetric turbojet, turbofan, or turboshaft
engine exhaust systems. It predicts the spectral intensity of the
radiant energy emitted from exhaust system hot metal in the wave-
length band of from one to 15 microns. In general, the information
required by the program is as follows:

Exhaust system physical characteristies,
Engine operating conditions.

Special surface cooling flow conditions,
Exhaust system surface properties.

The predictions provided by the program for the combination of a
selected maximum of 30 engine off-axis angles, five detector ranges
and three detector altitudes are:

. Spectral radiant intensity

« Selected radiant intensity bendwidth summation

Optional exhaust system information which can be requested from the
program is:

Internal fluid flow properties.

Surface boundary layer data.

Internal and external geometric radiation view factors.
Surface temperature distribution.

Thrust information. :

4,
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Program SIGNIR is made up of 711 subprograms. This program is written
in Fortran IV for the IBM 360 system.2 A program flow diagram, a program
listing and a basic task description for each of the subroutines are
provided in the Appendices. All necessary computer control_information
required to operate this program is discussed in section 7°

3.2 COMPUTATIONAL PROCEDURE

The process of computing the intensity of the infrared energy emitted .
from aircraft exhaust system hot metal requires a knowledge of the metallic
surfaces temperature, emissive properties and their relative physical
positioning within the system. From this information, the radiant energy
emitted and reflected from the exhaust system to a point in space can be
determined. The computational procedure established by this program for the
prediction of exhaust system hot metal infrared radiation is shown by major
subjects in the general block diagram presented on figure 1.

The input data required by the program provides a physical model (nodal
system) of the exhaust system configuration, the properties and conditions of
the exhaust gases entering the system. The program undertakes a one-dimensional,
isentropic, compressible flow analysis which generates the axial distribution
of exhaust gas flow conditions and properties within the system. Where two
gas streams at different temperatures flow within a single passage, compound
flow considerations are utilized. The program adjusts the flow at the nozzle
throat to balance with the ambient pressure or a chocked condition dependent cn
the system's entrance flow data.

With the intemal flow properties defined, a surface boundary layer analysis
is conducted to obtain the coefficients of convection and friction along each
surface within the system. This analysis is primarily dependent on the
surface's axial static pressure distribution and the upstream boundary layer
conditions. An area weighted average coefficient of convection for each of the
model's surface nodes (isothemmal regions established by the input data) is
computed for the system thermal analysis. The axial force on each surface,

internal to the system, is computed utilizing both the frictional and pressure-
area forces.

lReduced by ASD

2Modified for ASD CDC 6600
3See ASDIR-II User's Manual
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The next step taken by the progrem i~ the calculation of the
temperatures along any surfaces cooled by iranspiration, film or
convection-Tilm cooling methods. The program accepts & fixed
g coolant flow rate or computes a system coolant flow balance when
i coolant source conditions are defined. The calculation for these
cooling methods are dependent on the physical design of the wall
itself and the conditions of the gas flow adjacent to it. The
axial surface temperature distribution is an area welghted average
across each of the nodes involved along the cooled surface.

The calculation of internal system geometric radiation view
factors is the next step in the programs computational procedure,
One of the more difficult factors in radiation calculations 1s
determining the fraction of energy leaving one given surface that
will be intercepted by another given surface, or a portion of that
purface. Geometric view factors provide this description. This
program computes view factors for each node taking advantage of
the symmetry of the system and considering each node as a frustum
- of & right circular cone, & ..ylinder or & disk. View fa. lors are
computed for each node's view of all other nodes within the sys-
- tem including itself. The computation procedure accounts for sha=
dowing when the view between two nodes i1s partially obscured by
some intervening surface.

With the geometric radiation vuew factors computed and system
surface emissivities available from input data, “he overall radia-
tion interchange factor (script F) is computed. This factor, used
in the radiation calculations, accounts for the view between two
surfaces, the non-black nature of these surfaces and the fact the
multiple reflections between all surfaces are occurring. Two sur-

. faces, which geometrically can not see each other, can interchange
b energy through energy reflection from other surfaces within the

‘ system., The computational procedure considers all surfaces to be
diffused surfaces, i.e. the emitted and reflected energy departing
& surface has the same distribution as that of a black body which
follows Lambert's law of cosines.

At this point in the computational procedure, all essential
information necessary to conduct & system internal heat balance
has been acquired. The steady state thermal analysis considers
energy radiution, convection and conductio.. The conduction be-
tween nodes along the same surface is neglected since the thermal
gradient along the walls are expected to be low. Rediation from
the hot gas has also been neglected since this energy contribution
to a surface is small when compared to the convection fram the Lot
“gas and or the radiation from exhaust system surfaces at near the
same temperatures., The programs thermal anelysis provides the tem-
perature of each of the surface nodes within the exhaust system.
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The next step accomplished by the program is the determination
of the radiation interchange factors between a detector fixed in
space and the nodes established for the exhaust system, The view
factors are computed between the detector and those nodes which can
be viewed by the detector. In turn, overall radiation interchange
factors are computed which consider the multiple energy reflection
which occur between nodes, the emissive properties of.the surfaces

and the geometric view factors as was done previously with the in-
ternal interchange factors.

With the overall interchange factors and system node tempera-
tures, the radiant energy passing from the system hot metal to the
detector is determined utilizing the Stefan-Boltzmann law, In turn,
the energy distribution is computed considering the radiant energy
to be distributed in accordance with Planck's law. This energy dis-
tribution is placed in the more common terms of spectral radiant

intensity which eliminates any consideration of the area of energy
collection by the detector.

R—

SRR
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3.3 ANALYTICAL METHODS INCORPORATED

The analytical method utilized by program SIGNIR is presented
in this section under the general topics of exhaust system gas flow,
surface cooling, radiation, internal heat balance and radiation emis-
sion. By presenting the analytical methods in this sequence, the
progression of information is similar to that presented by the com-
putational procedure of section 3.2.

3.3.1 Exhaust System System Gas Flow

An internal gas flow analysis is conducted by SIGNIR under the
control of RIMAIN. The primary effort is to determine the distribu-
tion of gas stream properties and the surface boundary layer convec-
tion coefficients. The following sections cover the enalytical pro-
cedures utilized in computing the compressible flow and surface
boundary layer.

3.3.1.1 Compressible Fluid Flow

The sub-program COFLOW establishes the flow properties within
a compound streeam based on a one-dimensional, isentropic flow ana-
lysis. The method employed is based on the analysis presented in
reference 1 which assumes that the primary and gsecondary streams of
a mixed turbofan exhaust system can be handled separately, Its theory
has been found to agree well with experimental findings. COFLOW pro-
vides an array ol compound-llow properties associated with Ilow areas
for a given combination of flow rates. The fluid static pressure is
chosen to be constant across adjacent streams. If a single stream
configuration is employed, the same analytical procedure is employed
utilizing only the single stream.

The nomenclature used within thié section is as follows:

flow area, ft.2

flow coefficient >
acceleration of gravity, ft./sec.

an integer (corresponding to the subscript 3)
ratio of specific heats .
mass flow rate, lb_/sec.

flow Mach number B

number of compound streams

static pressure, 1b./ft.2

total pressure, Ibf?ft.e 2
{ncrement in static pressure, Ibf/ft.

zas constant, lbfft./lb OR

static temperature,°°R

total temperature, R

flow velocity, ft./sec.

compound-flow indicator

density, lbm/ft.3

>
\u<§ewm3m=z&xumg>
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subscripts:

amb - ambient conditions

ex - nozzle exit
i - an integer, stream number
J - an integer, relates physical conditions

and flow properties at the seme static

pressure conditions

The sub-program COFLOW computes an array of fluid properties com-
patible with values of static pressure decremented from the total pres-

sure provided to the ambient static pressure, i.e.
R R -JdF

The stream properties for a perfect gas are computed by the
following isentropic flow relationships:

Z Ge; -1/ ke _ ]
M = ‘/%Tf)[(e’ ) /] :

-/
7c,; = Trij [ r +45~) szj] :

~

././ M',j ;L/‘.g E‘. 7:"/' v

7~ s ;ﬁ //13 7:,1 .

i /(KR Vi)

N
\r~ *
&,

.

(1)

(2)

(3)

(1)

(5)

(6)

B 8

¥
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A compound flow indicator, & 1is used to determine if

. choking occurs at a static pressure value which is greater
than ambient pressure (choked convergent nozzle), Compound-
flow is subsonic when & >0, sonic at A& = O and supersonic

when < O, The indicator is evaluated by the equation
given in reference 1 as

”n
A"j/ /
. = — ‘—.—‘ — /).
&) )

(=

This shows that at the compound-choke condition, some streams
can be supersonic while others are subsonic. For a single
stream, n = 1, & = O when the stream mach number is one, The
sub-program COFIOW is limited to two streams (i = 2). Once the
array of stream properties are formed, the total flow aree,

ATJ' ™ i Ac,j "

Ay

at the nozzle exit is determined from the program at

,d‘O, K P> Pamb

Pe FPams 1F Bro. ' , (10)

The ‘total flow area of the array is adjusted by a flow coefficient

G = Arieey / Aax | © ()

which is an adjustment toward two-dimensional flow considerations,

3.3.1.2 Surface Boundary layer

The conditions within the compressible turbulent boundary
layer which exists along each of the exhaust system surfaces is
computed by sub-program TURBLT. This is a segment of an existing

et b 0B P A



= L7 = o Rl S o Lo e i .

VOUGHT AERONAUTICS COMPANY

computér program written by A. H. Ybarra of Vought Aeronautics f;
Company of LTV Aerospace Corporation. The analytical methods
employed are basically those presented by reference 2 in which

; the boundary layer is expressed in terms of the momentum inte- : {f

-; gral and moment-of-momentum integral, simplified by a Mager-type

b transformation and solved simultaneously. Ybarra incorporated an

# empirical modification to the moment-of-momentum equation which [k
improved the methods agreement with test data, L

The following is a list of nomenclature for symbols used
within this section.

£3
e

b(x) - transformation parameter
C - locel skin friction coefficient, dimensionless
cfx) - transformation paremeter =
Cp - sSpecific heat at constant pressure, Btu/1b -"R
d - exact differential
e - exponential base, e = 2,718281828, dimensionless
Fl - empirical factor
F2 - empirical factor
H - Dboundary layer shape factor, dimensionless !
(incompressible transformed denoted by sub- 8
script tr) :
h - enthalpy, Btu/lb 20, :
h, - convection heat Transfer coefficient, Btu/hr.rt“°Rr A
M - Mach number, dimensionless 1
m - Dpower law profile exponent, dimensionless &
p - pressure, 1lb_/in2 l
Pr - Prandtl numbgr, dimensionless
R - Radius of symmetry, ft,
Re g - Reynolds number based on momentum thickness, [
dimensionless
R - gas constant, 1b_.ft./1b °R 3
r® - recovery factor, dimensi®nless i
S - enthalpy ratio factor, § = (hs/ho)-l.o, dimen-
] sionless 8
, T - temperature, "R E
, 74 - ‘transformed velocity along surface, ft/sec, -
D, - bPhysical velocity along surface, ft/sec.
v - ‘transformed velocity normal to surface, ft/sec,
o - physical velocity normal to surface, ft/sec,
= - ‘transformed coordinate along surface, ft,
! x - bphysical coordinate along surface, ft, '
b - ‘transformed coordinate normal to surface, ft,
"

- Dphysical coordinate normal to surface, ft,
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ratis o syrecaUic heats, dimensioniess
trensforaed Poundary laver thickness, (t,
transforzed boundary layer displacement
thickness, ft.

physical boundery layer velocity thickness, ft.
physical boundery layer displacement thickness,
ft.

boundary layer momentum thickness, ft.
absolute viscosity, 1b_/sec-ft.

kinematic viscosity, /sec.

density, 1b_/ft3

shear stress, lbm/ft-sec2
transformed velocity potential, 1/sec.
velocity potential, 1/sec.

partial derivative symbol

local invsicid {low, at edge of boundary layer
incompressible

freestream stagnation conditions

at Eckert reference enthalpy conditions

local stagnation conditions

total conditions, unsubscripted iadicates static
conditions

transformed

at the surface, wall

Amscanamnmd wrn Taen nd AnA AP Anmmant Inanamant
(IV VAT R '“-“v’ -l W - bawh - - - b wAs W s WS W Aa W

previous value, at start of current increment

For steady, compressible,turbulent flow the boundary layer
equations, in which the flow varisble appesr as time-averaged quanti-
ties,are expressed by the continuity and momentum equations for axi-
symmetric system as 3

ox

om— r

a.

pu) , e /_;_u ae ., 4 (12)

oy
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These two partisl differential equations, in their present form,
can not be solved simultaneously. To simplify and reduce the
difficulty of integration, a Mager-type transformation is performed
which transforms the physical coordinates as

x
x - [ oo b (1)
a

an
iv 4
Y =crx{/g o
(-]

where
r+/

OCx) = (T / Trep )( T2/ Ty Y57

J

acx) = (7;/7;‘a)

The velocities can be replaced through the definition of a
stream function, as

Sy o
=14 P4 7

Y | . o
ox )2

and the transformed velocities by the relations

Cew )
U-;i_
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F 4
Applying equations 1k, 15 and 18 to the boundary layer
equations 12 and 13 result in the following transformed con- i
tinuity -and momentum equation: s
=24 + CAZ. o : (20) v
ox Y |
i
1 QU ., U Y73 o é
U =+ VE sl =="07+5) YU =, .
ox *Voy "Hax VSt % Sy (21)
where the enthalpy term is defined as
S = (hs/bho) - 1O (22)

where h . is the local stagnation enthalpy.

The boundary conditions applicable to the equations 20 eand 21
are:

ZA-"t'-X,U/"O no silp al wall.

. no mass added or removed from boundary
Vixo)-o layer at wall.

S(xX0)=S.(X) enthalpy ratio at wall depends only on (23)
local recovery temperature.

mit S »o local stagnﬁtio'n temperature approaches free-
e stream total temperature.

Amid U .y (x)bound.ary layer velocity approaches external
E ¥ Y~ T 7 velocity.

Some correlations between transformed and physical par;meters 3
vhich result from the Mager-type transformation are as follows: i

l Longitudinal velocity, /e (72 ,/77s )V' e o] ur. (2k)
Velocity potential, ¢/ = ¥ (25)
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Boundary Layer Shape Factor, ./« /; * g:’ Mty # 1;:./ M. (26)

)
Momentum thickness, @ = G, (770 /T‘)Zfr-/) (27)

Displacement thickness, % = (&, +A4%)(%>/7z) 2?";'%) (28)
/
~ Ber (o) 72 )35577)

The combining and manipulation of equations 20 and 21 produce
the equation

[U(Ue v)f« S [vive-v)]+ 5 2% (t-v)

alé Q%
+ A - = Al s
¢ X v JY*

The transformed momentum thickness &, and the transfromed dis-
placement thivckness, A% are defined as

/ // - Z,::} dY

-[‘(, - Z)ar

and the transformed boundary layer shape factor follows as

/'/tr * A“/étr‘

Integrating equation 29 with respect to Y between the limits Y=0
and Y= A . (where A is a distance normal to the surface sufficiently
large such that the conditions S=0 and ¥ =2k are both satisfied),

applying the chain rule and equations 30 and 31, the following equa-~
tion form can be obtained :

e , ! du/’ ] 1/. U
POyp + SaY
ax 4 ax &7 ./ U 5y, -
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. The fundarmentel delinition o the boundary layer shear stress
is expressed ty

ov Y
% o) (38)

By utlizing equations 1k, 2k, 32 and 34 and a reference temperature
technique such that

i), = o2 (T Tner ), ' (35)

equation 33 becomes
D , Ger JUe 4/‘ /(2] 2
ax " e axlf a5 /;//ﬁo 74

which is the form of the transformed momentum integral equation
presented in reference 2,

The moment-of-momentum integral equation is derived in a similar
manner. The differential form the momentum equation 29 is multiplied
by the parameter Y and the results inturn integrated with respect to
Y from Y=0 to A . The resulting integral equation obtained is,

M . =L Jdlk T . 2
dJ; EMW[M,(H,,H}/H# /)_/[/+(A4,-*/)6¢r°5dy

2 (Her=1)
H&m”*,)g#/syofy

o Ml =l) (2 (2

7ro

Gt -//(Aér#)/:)(m; Vi /;_3: d/zj_f} (37)
‘ < A w .
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; The Ludwig-Tillman skin-friction relationships for incompressible
R turbulent flow, both convenient and valid over a wide range of pressure
gradients, is gliven as

-45&/-4./- -
b <y = M, O 2dls @ ‘ Bro

0,268 (38)
Fru |

The Reynolds number based on momentum thickness is defined as
Fro = &/ . (39)

With the application of the reference enthalpy concept, equations 2L
and 27, and the relations

S of . T
9 TrerF (o)
and )
T% | = wézuf 2 )-
. var - 1w (Z2)( =) , (82)
‘ - equation 35 can be put in the rorm
, 208
Ce W _ 2 123 (72/ Tref) (‘A/m‘/,t/p)o g (42)
2 /g‘/: el.sb///“ (L/¢9¢,- /1/") 0,268 .

This is the expression of skin coefficient for compressible flow 1in terms
of the transfomred velocity, momentum thickness and reference tem-
perature (and viscosity).

The integrals which appear in the transformed momentum and
moment-of -momentum equations, 36 and 37, shall be reduced to a
] usable form, The recovery factor is defined as

r‘"’;/_’é—’ £ | (“35‘

17
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for a turbulent boundary layer., For a Prandtl number of unity,

the recovery temperature will be equal to the freestream stagna-
tion temperature. Therefore, for adiabatic flow, the value of §
in equation 22 would bt zero and the integrals will be zero. To
evaluate the integrals at an arbitrary surface temperature, the

Crocco relation is employed together with a power law assumption
for the velocity profiles, i.e. '

hs = hw _ __L/
i Ua

ho = P

Since the purpose of the Mager-type transformation is to
render the boundary layer equations analogus to the incompres-
sible form, the transformed and incompressible shape factor are

near equal. Using this information, the integrals are evaluated
as :

4 . "
d/(=5'c/}" = SH; Gy = 7;5 - {/‘“Qé;tr
(]

4 ' ., z
A M2 (e +1) 2
/SY"Y -(F2- 1) st oyraaesy &

fo) L]

Substituting equations 22, 24, 38 and 46 into equation 36, the
momentum equation becomes

& (A7) G Fle b
ax (/N2 zf,dx[z"n.”‘_/_
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By the same procedure, the term of equation 37 containing the
integration in Y reduces as

4 ‘ 4
2 __ai-1)
o

= /71(/_ “/1.'2*4A/L"'/ "

The integral contained in the last term of equation 37 is not so
easily simplified. An empirical relation,

/,,./ d[y) _ Q003075 H ~O.003552 (55
A Gre

was established from the date presented in reference 2 in terms of
the variables H, and Cp. Once the analytical model was complete,
further empiric%l corrections in the last term of equation 37

found necessary to correlate with measured test data. These corre-
lation factors take the form of

A i 7 =
Ft = G/ + 5 M) (51)
FZ2 #% 4O ,AMﬂwj—-EO

. (52)
S Mz )? IMe ..
= £,0 {. :;EE:/) , when EZE?! < O

with the further restriction fhat

(FI)CF2) £ Lo

-

. - (53)
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-k ' By employing those methods required in establishing equation 48

4 and applying the empirical parameters presented, equation 37
- reduces to the form

dH: A/;(//;,‘/}‘/‘é-/)/*/ﬁy_, Hida=1 ] L e
ax £ he  J@)tiv3)] e ax

")C‘J*“M = S

*

Mo (We+1)* 7;,7 &

_ 2= 1 )00 #1) (Trer . 5k
(F)(Fe) o ( = )6003075;/‘ . 003352 ). (5k)

In subprogram TURBLT, the two transformed bounda.y layer
equations 48 and Sh are solved simulteneously using an iterative
rinite dirterence numerical integration procedure. sSpecificaliy,
i the process employed divides the surface being analyzed into small
1 increments. For each surface increment, a value for H, and &,
is assumed at the downstream end of that increment and then, using
the average value for all pertinent parameters over the surface
increment, the two equations 48 and 54 are solved. The results
are compared with the initial estimates ani an iteration carried
out to converge on a solution.

The progrem is provided with the properties of the gas stream
flowing adjacent to the surface and the initial (upstream) values
of momentum thickness, &€, and incompressible shape factor H (these
two values must be input by the program user which requires Some es-
‘ timate of the boundary layer conditions entering the exhaust system).
With a surface increment's upstream (2) boundary layer condition, the 3
program makes.an assumption as to the downstreem (1) growth. The con-
ditions and properties values over the increment are averaged, equa-
tions 42, 51 and 53 are evaluated and, inturn, equations 48 and 5L are
solved simultaneously utilizing the equations

Gy, * O¢, + %%’ (x -, ) (55)

on
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hy e e GEOG-%) (56)

The initial estimate is corrected, the solution process continued
until the parameters converge. Inturn, the paremeters for the fol-
lowing increments are solved in a systematic order.

From the solution obtained, local physical boundary layer pera-
meters along the surface are computed by the program. These are

boundary layer thickness,

S=Qr(% )"‘:%‘%Y Hit+R +//'/

e 2 V) 4 T ey 4/)_/ (57).
=/ 2

local skin friction coefficient,

~1.50 Hi 6.268
Ce=.2196 ¢ (ﬁ%)

lonel sonvantdinan haot +wanafan anafed nlAand
-0 wweev e oL ACRT Tranfier cooftiodont

- — - - - ssvy

-2/ =(r-7)
-k "
h = %‘%(&B ' Cp Bo (To) Me (7 + %/M:)Z(r-ﬂ/)

i /.5@/[4- ~13-.2(325r -2.25) M (59)

3.3.2 Exhaust System Surface Cooling

Three method for cooling exhaust surfaces have been incor-
porated into the program SIGNIR. They are film, convection-film
and transpiration cooling. These cooling methods were selected
as the more efficient means of cooling surfaces. They give the
program latitude in the types of systems which this Program is
applicable. The following section presents the anaelytical pro-
cedures employed for each of the surface cooling methods.
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2.3.2.1 ZFilm Cooling

The gasecus ilm cooling method incorporated by subprogram
TIIMCL is an empirical correlation of various investigator's data
presented by reference 3. The cooling configuration utilized by
the program 1s specifically for tengeantial injection of the coolant.
The method proposed by reference L4 wars coupled with this film cool-
ing method to be capable of handling multiple slot configurations.
The nomenclsture used within thi= section s as follows:

- area, ft.2

- flow discharge, nondimensional
specific heat at constant pressure, Btu/lbm. °r
velocity mismatch factor, nondimensional
gravitational acceleration, ft./hr.2
convective heat transfer coefficient, Btu/hr.ft.2 °r
an integer, nondimensional

pressure loss coefficient, lbf/ft.2

total number of cooling slots, nondimensional

heat capacity ratio, (;ovcp)c/(,avcp)g

mass flow rate, lbm/hr.

flow exponent, nondimensional

static pressure, lbm/ft.2

total pressure, lbm/ft.2

ges constent, 1b..ft./1b . °r

slot height, ft.

Stanton number (hg//JVCp), nondimensi onal

temperature or static temperature, °R

g
h
1
K
m
M
m
n

ka2

=]

e -

recovery temperature, °r

total temperature, °r

overall rate of heat transfer, Btu/hr. °R
velocity, ft./hr.

distance downstream from slot, ft.

ratio of specific heats

the change in a property, nondimensional
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7 - film effectiveness
)ostd - density at standard temperature and pressure, lbm/ft.3
c ratio of density to density at standard temperature
and pressure, nondimensional
Subseripts:
¢ coolant
f fluid film
f' adjacent to film
g mainstream gas
5 slot
t total
w wall
1 - coolant source
2 ~ heat source

The empirical equation for film effectiveness proposed by
reference 3 1

we e l[BNE B s}

% = (g =T )/ (Trg T )

where

Fv) = /-fadarr{&n(‘—/l/f-/); when :/{7>/

15 (CVENL -/
.(_"zjs 4/ -1 3 when Yo 2
Ve Ve

These equations were converted into a form where the independent
varisbles are those available to tne program. Specific terms of
equation 60 were altered in form e¢s shown, '

St hg  Cads
M C’Pc rﬁc

7;5 7;' ’
Tte
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- : b Ky -t N
SFJEAATIR T2 TAL2I Tae Tm

vhere T, is the gas film temperature resulting from the upstream
slot fldw., The term

Ve | V& ., G4s, __;1_ ;;i)
Ve e m

from equation 62, is converted as shown which assumes isentropic
flow from & common coolant plenum to the slot whose discharge static
pressure adjusts to equal the mainstream gas static pressure, Com-

bining the forgoing equetions, the equation for wall temperature be-
comes

sl (RN 5} o

where the term f(v) is defined by equations 62 and 66.

The computational process conducted by FIIMCL sterts with the
upstream slot, utilizing the local gas stream recovery temperature
for T,.,, compute the wall temperature from the slot to the end of
the surface being cooled. This is accomplished in incremental steps
using the locel gas stream properties along the surface. Progressing
to the next slot, the gas film temperature (T_,) along the remaining
surface is assigned the values of the wall temperature (T ) computed
from the previous slot. In this manner, upstream slot codlent films
affect all surface temperatures downstream, The procedure is con-
tinued progressively along the cooled surface producing the wall tem-
perature distribution as demonstrated in figure 2. Inturn, &n area-
welghted-average temperature is computed for each of the nodes assigned
along this cooled surface. A
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Mainstream Gas Flow at Temperature Tg

cooled shingles

Cooling Gas Flow at Temperature Tc
(a) Multiple slot film cooled surface

Mainstream Gas
Temperature

Temperature

| Coolant Gas
Temperature

—"-1st Shingle —t*2nd Shingle -*}*3rd Shingle

Surface Distance ———p=

Surface Temperature
- — — — Temperature of Fluid (adjacent
to coolant film)

(b) Multiple slot film cooled surface temperaturg distribution

FIGURE 2: Multiple Slot Film Cooling
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A coolant flow balance is incorporated in this subprogram
‘which provides the coolant flow properties required by the equa-
tions 66 and (7. The program user is provided the option of de-
fining either the coolant flow rate or its source, If flow rate
is defined, coolant supply temperature must also be provided.
The slots are assumed to be supplied from a common plenum such
that the driving total pressure to each slot is identical.

The coolant flow from each <oolant slot is a function of both the
slot flow area and the gas stream local static pressure. The
coolant total pressure and individual slot coolent flow rate is
computed using an iteration process. A form of the continuity
equation, using isentropic considerations, is shown in terms of
the dependent variables, slot flow rate and total Pressure.

. _ —_(%f_/) B o5 = (68)
mw"“’r%(‘ﬁ?‘) ]/(%)/2’75;7)[/‘@&/ "]

The selected total coolent flow rate is

¥ /J"ic,)J_J__ , = y ”:’c,- . (69)

(=1

The program iterates ebout total pressure and flow rate to obtain ‘
& solution which provides the individual slot coolant flow rates,

If the option is selected to campute the coolant flow rate
based on coolant source temperature and Pressure, an extension of
the forgoing process is required. This computational procedure in-
cludes the supply system pressure loss and heat transfer. The cool-
ant supply system pressure loss is computed by the equation form

CAR = k& ()" . T (10

»

-~ where the system characteristics K and n are required input (see

- discussion in section 3.4). The program solves this equation in
’ the form

. Yh
(71e ), 00, - //géd (R}-B:)/ 687 477 ) _/ (71)

26
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The coolant DPlenum temperature is evaluated by the equation

vhere temperature of the heat source (TT and coolant supply
overall heat transfer coefficient (UA) 1S required input data
ésee discussion in section 3.4). The combination of equations
8, 69, 71 and 72 are solved by an iteration process which pro-
vides the resulting slot flow rates and coolant plenum tempera-
ture and pressure required in determining the wall temperature,

3.3.2.2 Convection-Film Cooling

The convection-film cooling method computational procedure
incorporated by subprogram CONFIM, developed by VAC, utilizes
the empirical film cooling correlation presented by reference 3
the multiple slot method suggested by reference 4, and the char-

acteristics of plate-fin heat exchanger materials as Presented
in references 5 and 6, - .

The nomenclature used within this section is as follows:

area, rt.2

specific heat at constant pressure, Btu/lbm. g
the differential of a variable

hydraulic diameter, ft.

exponential (e)

Fanning friction factor, nondimensional

velocity mismatch factor, nondimensional
acceleration of gravity, ft./hr.2

gas mass flow velocity through heat exchanger core,
1bm/hr ft.2

convective heat transfer coefficient, Btu/hr.ft.2 °r
pressure loss coefficient, lbf/ft.2 ‘

length of convection-film cooled shingle, ft,
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mass flow rate, 1b m/hr.

static pressure, lbm/f‘t‘.2
Prandtl number, nondimensional
total pressure, lbm/ft.2

heat flow rate, Btu/hr.

gas constant, 1b ft. /lbx'n °R
Reynolds mmber, nondimensional

slot height, ft.

temperature or static _texnpera.ture ’ °R

..D’_]'U:Y'UB'_

H 3 o U W
[

total temperature, °R

overall rate of heat transfer, Btu/hr. °R

X , distance downstream of slot, ft.

e gensity, 1 /rt.”

Poss density at standard temperature and pressure, 1b xn/f'l:.3

ct

SUBSCRIPTS:
c - coolant
cd - coolant discharge
f - fluid film
f' adjacent to film
mainstream gas
heat exchanger
slot
wall
wall location
x+tAaXx - incremented wall location
Figure 3 (a) and (b) show sketches of sectioned convection/film
cooling panel conflgurations analysis. Referring to the element

shown on figure 3 (c), the heat transfer from the fluid film to the
wall 18 equaled to that transferred from the wall to the coolant when
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Coolant Mainstream Gas Flow Insulating Coolant Film
Discharge

Slot ?

Coolant Su
Plate-fin Heat Excha.ix: Pply

(From Plenum)

(a) Counterflow Configuration

Mainstream Gas Flow
—_—
Coolant

e Insulating Coolant Film
Discharge
| i Cooled Surface __,_//T
Flate-fin Hést Exchanger ——S ).-ﬂ_%

Coolant Supply
(From Plenum)

(b) Parallel Flow Configuration

x x + dx

(¢) Element of Cooling Panel, Energy Balance for
Counterflow Scheme

FIGURE 3: Convection-Film Cooling Scheme
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conduction along the wall is ignored, i.e.

G« el (Tep - T) = (WA (7o - Tec).

The wall temperature can be solved as

T« W) Tar ) hAY, + Tee /(HA) ]

where

! ) -
(u4) = /’/(/IA)/»: + ////)wa)j L

The heat flow from the heat exchanger to plenum coolant
is considered low; small difference in temperature with a re-
latively low plenum side coefficient of convection. The heat

" gained by the heat exchanger coolent, due to the predominance
of the heat flow from the film, is found to be

: . P 7ArLur\ o e .
Y = ~ MG Tl = (%—/( tf 7wl ax. (76)

When substituting equation Th into this equation and rearranging,
the equation becomes . .o

e e yaw X 4%

o7 . @A) ox
mﬁ = T'EF) /7’70 C'F L

(72 )y W
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Holding the film temperature constant over the incremental dis-

tance AX end integrating, the heat exchanger coolant temperature
is given vy

(Te) & Z L ) ] @xp/ Wh) A% /rcp )] (18)

X4 Ax

where the average film temperature over the increment is computed
by .

if' = [(zf)x o (7-?;},““]/2 . (19)

The film temperature is evaluated by methods presented in
section 3.3.2.1 where, for this case, the computed wall tempera-
ture becomes the temperature of the fluid film adjacent to the
well and the coolant temperature becomes the coolant discharge

temperature. Therefore, from equation 67, the fluid film tem-
perature is

Z; =/
Tor £ Tops _(@, Ty )/ /f:?;é_/ /,"éf/ %‘—1‘7@5}/ 7{:—5:);5(1/{[,1 (80)

where f(v) is defined by equation 62. The variable T ;
fluid temperature adjacent.to the cooling film as demég-
strated by the temperature profiles shown on figure 2 (v).

is the

In evaluating the variables of equation 75, the characteristics
of the plate-fin material configuration selected for the heat ex-
changer must be known., The characteristics of several types of con-
figurations are given in references 5 and 6. 7eat transfer characteris-
tics are presented in the form of (nh/GC_)(Pr)2/3 versus.R . The phy-
sical characteristics, such as heat trafisfer and flow areg, are also
provided. The heat transfer data Presented is for the same rate of
heat transfer occurring on both walls of the heat exchanger. For
the convection-film cooling method, the bulk of the heat flow occurs
across only one wall. Analytically predicted, the effect of heat
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flow from only one wall is a plate-fin material heat transfer area
reduction of 50 percent. Predicted wall temperatures compared with
empirical data shows this reduction to be more nearly 60 percent.
Therefore, )

Aie = Od « ( Plste -4 material past tronsher srza)  (B1)

Reference 7 shows that, under fixed mainstreem conditions, the co-
efficient of convection along a surface can be assumed to remain
constant with or without a coolant film, i.e.

bf’:hj ’

A coolant flow balance, pressure-loss analysis is conducted
by subprogram CONFIM similar to that for film cooling in section
3.3.2.1. The one difference between these analyses is the pres-
sure losses which occur between the coolant plenum and the slot
exit. For any reasonable design, entrance losses should be small
in comparison to the losses which occur within the coolant flow
passage. Plate-fin heat exchanger characteristic data include
the Fanning frictional factor (f.) versus R.. The flow through
this system, related to & series pressure lSss, is

the = {7 Y[ o s B Taea /5

, A B =, e
4 ’ﬁ'(az //(zg/i, Afows th) )]] .

The coefficient (X d) Includes all the pressure losses which occur

. from the downstream end of the heat exchanger passage to the coolant
" discharge slot. . ‘
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The subprogram CONFIM can either compute the total coolant
flow rate or it can be a fixed input to the program. If the total
flow rate is fixed, equation 69 and 70 are solved to obtain the
individual slot flow rates. Equations 69 through 72 are used to
compute the overall coolant flow balance in a manner similar to
that described in section 3.3.2.1. To initiate the computational
procedure, initital estimates are made of the heat exchanger fluid
density and the slot discharge temperature. Initial values of flow
rate are computed. The gas film temperature distribution is com-
puted utilizing equation 80. In turn, using equations 78 and 79,
the temperature distribution of the heat exchanger coolant is com-
puted based on the initial estimate of the coolant discharge tem-
perature. The computed heat exchanger entrance coolant temperature
is then compared with the coolant plenum temperature computed from
equation 72. With a mismatch in temperature, an iteration is car-
ried out, utilizing equations 78 through 80 for each surface by
revising the estimate of coolant discharge temperature until the
coolant entrance temperature converges. Once completed, the
initital estimates of heat exchanger fluid density and slot dis-
charge temperature are revised by the computed values and the com-
plete computation procedure repeated, iterating until temperature
values converge. The wall temuerature distribution for each sur-
face is then computed from equation T4 and an area-weighted-average
surface temperature is computed for each surface node involved.

The subprogram CONFIM can also handle the parallel configura-
tizsn showm on figurc 3 {b). The basic sguaticns are identical with
the exception that the sign of the exponential term of equation 78
is changed. The computational procedure is carried out in a manner
similar to that for the counterflow configuration but the iteration

on coolant slot discharge temperature is not required.

3.3.2.3 Transpiration Cooling

The cooling of a surface utilizing a transpiring gas is com-
puted by the subprogram TRANCL. The empirical correlation for air
injected through a porous wall which was used in this program 1is
presented in reference 8.

The nomenclature used within this section is as follows:

- aresa, ft.2
-. specific heat at constant pressure, Btu/lbm¢ °r
- 1injection mass flow ratio, (ev) w/ (ev)g, dimensionless

0,

A
C
P
F
h - convective heat transfer coefficient, Btu/hr.ft.2 R

33
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nuinber of surface increments

porous wall loss factor, ].bf/f"l:.z(hr.t‘tz.a/ll.‘nm)l/n
mass flow rate, lbm/hr.

porosity, ratio of flow area to surface area
heat flow rate, Btu/hr.

gas constant, Ib.ft./lb_ °R

Stanton number (hg/)o VCP)’ nondimensional
tempereture or static temperature, °R
recovery temperature, °R

total temperature, °R
velocity, ft./nr.
dimensionless parameter
density, lbm/ft.3

3
Pshd - density at standard temperature and Pressure, l'bm/ ft.

SUBSCRIPTS
¢ coolant
e! coolant discharge

mainstreeam sac

o - without transpiration cooling
w - weall

A sectioned transpiring porous wall model is shown in figure L
and shall be used for discussion purposes,

The heat flux by convection from a gas to an uncooled wall is
determined by the equation

%/ = b (TF-T) - (84)

At steady state conditions, heat &dded to the porous wall from the

" mainstream is removed by the coolant flow. The lateral heat transe

fer by conduction is assumed to be zero, i.e. no temperature gradient
exists along the wall. The heat addition from the mainstream is trans-
ferred to and carried off by the coolant gas. This is presented by the
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heat balance
¥=A/”w/7;‘7z«') = ”:ICCOL(EL"EG)- (85)

For a good design, the hLeat transfer efficiency between the porous
wall and coolant pa:sing through the wall will permit the coolant
discharge temperature (Tt ) to approach the wall's outer surface
temperature (Tw). 3

' @—— Heat Flux (q/A)
Mainstream —pn Surface Temperature at Tw

Flow at —_—
Temperature Tr—b Coolant Discharge at th:

-l

,: |}-¢— Porous Wall Section
|

e Control Boundary
Coolant Supply (ﬁc) at Temperature Tic

FIGURE 4: Transpiration Cooling, Sectioned Porous Wall Model

Assuming this to be the case, then equation 85 can be written as
hdw (T7-Tw) o P Ca (Tw-72) . (66)

The coefficient of convection (h) on a transpiration surface is
difficult to obtain. An equation derived by reference 8, compared
with the empirical data presented in reference 9, relates the heat
flow rate to a surface with and without transpiration cooling under
the same imposed mainstream conditions. Correlation is provided by
the relationship :

9 T AT e g
7 VGEE)+ - +& (®)

where

£z (el /(e Vs) . ) (88)

With the aid of the continuity equation and the definition of Stanton
number,

S, = he /(Crg & V5 ) (89)
the ratio :

F/Séo = (CP: r;’c)/(P/qw /'h) . (90)
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From equations 8L, 86, 87 and 90, an equation defining wall tem-
‘perature in terms of known variables can be obtained, i.e,

7w = (Tée+ ZTn )/ Cas1)

fo A Cps 12 7% Cpyq
Z - /q,crﬁc)* ZP@)_Z T ZPCpe

The subprogram TRANCL solves equation 91, with equation 92, for
the wall temperature distribution based on the coolant flow dis-
tribution along the transpiring surface.

The coolant flow conditions are established by this program
in a manner similar to that discussed in section 3.3.2.1. The same
options are available, i.e. the coolant flow rate fixed or computed
based on its source conditions, The pressure loss across the wall
is computed from equation 70. Since the mainstream static pres-
Sure may vary along the surface being cooled, surface increments
are taken by the program which permlt the coolant flow rate to
vary alang tha surfanse. The floe relationchin for the eurfene
inecrements, assuming that the same pPlenum feeds the camplete sur-
face, is found to be

Yn
Pe; = Ae; [P; (Pn—%)/(e’/@y/am]

where the tdtal coolant flow rate is

(13
mc r Me‘-
. ‘-,

If the coolant flow rate is fixed by the user, equation 93 and 9k
are solved to provide the flow for each surface increment, When
the program is required to compute the coolant flow rate, these
equations in conjunction with equation 71 and 72 are zolved in a
manner similar to that presented in section 3.3.2.1,
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3.3.3 Exhaust System Radiation

Radiant energy is interchanged between the internal surfaces
of the exhaust system and emitted from the exhaust system sur-
faces to a remote detector, Internal radiation is required for
an internal surface heat balance which produces the ‘surface tem-
perature distribution within the exhaust system. The irradiation
incident upon the detector provides the signature of the particular
exhaust system under investigation. Two parameters offer difficulty
in the computing of radiation; geometric view factors and gray body
interchange fectors. This section presents the methods by which
SIGNIR calculates these parameters,

The nomenclature used within this section and its subsections
is as follows:

surface area, ft.2

matrix element
radiosity, Btu/hr. ft.
differential element of erea, ft.2
black bédy emissive ﬁower, Btu/hr.ft.2
geometric radiation view factor

2

Exoy tedy intershenge Ffoector
irradiation, Btu/hr.ft.2
heat rate, Btu/hr.
radial distance, ft.
Kronecker delta (1, when i3j; O, when i#j)
emissivity ‘

An angle measured from the normal from a surface

reflectivity

A
z
B
da
E.b
F
&
H
Q
r
8
€
=
/U

SUBSCRIPTS:

‘surface designator (or matrix row index)
surface designator (or matrix column index)
. surface designator

surf&ce designator
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The computing of net radiation exchenge occurring between

two isothermal surfaces, 1 and 2, is based on the Stefan-Boltzmann
law and defined by the equation

Q-2 = T4 L, (TF-TF) . (95)

The net emount of radiant energy entering a surface (1) is
the summation of the contribution from all other surfaces, i.e.

D =)y =) TAG(T-T?) . (96)
J J

Calculation of the internal geometric view factors is accom-
Plished by subprogram VIEW and the external view factors by sub-
program REDII. The systems gray body interchange factors are com-

puted by subprograms SCRPIF for internal radiation interchange and
REDI for the externmal case.

3.3.3.1 Geometric Radiation View Factor

The view factor between a black radiating surface (1) and a
. black receiving surface (2) is that fraction of the radiation
p leaving surface 1 that is intercepted by surface 2, The defining
equation for geametric view factors, purely a geometric relation-
ship, is given by

_ Cos B cos O : 97
FdA—dAg_ = v ra = dAs . o

The relationship between the variables used and the surfaces are
shown on figure 5. The view factor between surfaces is cbtained
by integrating over the surfaces, i.e.

Foa = i ) S50 8050 an, 0
A

.,._S—_ Vectors —iL_—
Normal .to

Surface

6\,

Surface 1 Surface 2

FIGURE 5: Surface Geometry For Geometric View Fantors
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The black body view factors are utilized for gray surfaces when
they are considered to radiate in a diffused manner.

* The subprogram VIEW computes the internal exhaust system
geometric view factors required for the radiation calculation.
This program was developed for use under NASC contract number
NO0019-68-C-0571 and is completely documented by reference 10.
The exhaust system is sub-divided into isothermal segments (nodes)
for the mathematical model. Each segment is represented by &
frustum of a cone, a cylinder or a disk of common exis, The geo-
metric considerations for these axisymmetric segments substantially
reduce the integration problems confronted in the solution of eque-
tion 98. The subprogram VIEW tekes advantage of the system axi-
symuetric characteristic and can determine the view factor between
any of the models selected segments. It also has the ability to
determine view factors where complete or partial shaedowing by an
intervening surface exists.

The symmetry of the exhaust system permits equation 97 to be
Placed in cylindrical coordinetes which requires integration in
four variables. In subprogram VIEW, one of the integrations is
accomplished leaving only three variables requiring numerical
integration methods. All geometric considerations and numerical

integration methods utilized have been presented in reference 10,

A modification was incorporated in the interest of reducing
program computational time requirements. The increment size
selection for numerical integration was permitted to vary in a

" systematic manner. The program first defines the increment size

as the node itself and a value for the view factor is computed. The
node increment size is then reduced by one half by the program and
& second view factor computed. Its magnitude is then compared with
the first value obtained and if the percent change in magnitude is
found greater than 0,1%, the program again reduces the increment
size by one half. A value for the view factor is computed and a
comparison made with the last value computed. This process is
continued until the tolerance requirement is met or until the

view factor is computed based on a maximum of 16 node increments.
This modification proved to substantially reduce the required com-
puter time with effectively no reduction in accuracy.

3.3.3.2 External Geonmetric Radiation View Factors

The view factors between the detector in space and the exposed
exhaust system surfaces are computed by the subprogrem REDII; & pro-
gram developed to support the analytical computations accomplished
under NASC Contract NOOO19-68-C-0571. The energy collection area of

39
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1 the detector is considered to be an element of one square unit
3 for calculation purposes. With this single consideration, equa-
tion G67 can be stated as

dexs &, cosBe g (99)

Fou -4, *
g dﬂl Az 77./. 2 .
Az

The normal to the detector area is assumed to intersect the exhaust
system at the point where the exit plane and system axis intersect.
Each node within the exhaust system is subdivided into elements such
that the summation of the detector to element view factors provide
the numerical integration for the view factor from detector to node.

T

Subprogram REDII checks positioning of each element to determine y
if a view is possible ( © < 900) and checks possible shadowing 4
by any intervening surfaces, A discussion of the geometric considera-
tion uridertaken by the subprogram REDII is covered in references 11
and 12,

3.3.3.3 Grsy Body Interchange Factors

Radiant energy is reflected from non-black surfaces. In an
enclosure, the reflection of energy can occur numerous times. These
mltiple reflections of radiation are accounted for through gray
A body interchange factor for surfaces which reflect radiation in a
diffused manner, These factors are computed within subprogram SCRPTF
for the internal exhaust system and by subprogram REDII for system to i
detector irradiation. 3

The radiosity of an isothermal surface i1 is equal to the sum of
the radiation emitted, reflected and transmitted. Opaque surfaces
such as those used within exhaust systems transmit no radiation,

therefore {
B * ROH + & Epy (100)
“ The total irradiation on surface 1 i1s the sum of the contributions
from each of the other surfaces, i,e, N
Hi= ) Fiy B (101)
]
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which involves the diffuse geometric radiation view factor.
Written in matrix notation (i = row index, j = column index),
equations 100 and 101 become

o:] + [}« {oco]

if < [Fi]lef

Combining equations 102 and 103 and solving in terms of the
radiosity, 1i.e.

&) « [waffs) « e i)
[ay - m ] {5} - (< &c)

and
i} Ls -m T (),

the radiosity can be expressed as

/54'} - [4, 6’][5“‘}

pimin e e S L s

(202)

(203)

(104)

(205)

(106)

(207)

e o

= T




7
VOUGHT AERONAUTICS COMPANY

where

gray surface per unit
area and time ig equal to the difference between the absorbed

and the emitteq radiation, Assuming the absorptivity of the
surface equals its emissivity, this can be expressed as

(&5} - ) -{a) .

Combining equations 103, 107 with 109 gives

i) - (il o] (e - fef

This can he written ae

(@cf « [0 oy - 5)] )
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The gray body interchange factor from surface j to surface i is

defined such that the net heat exchanged between the two surfaces
is given by - ‘

Pii = A y;: (. Sop = £b; )

AL’ % (, -b_,' s Eb" )

The net amount of heat entering surface 1 is obtained by the
summation of the contributions of each of the surfaces, i.e,

P = Z @ - Z A % (éz.l - Es;) 3
v J ‘ i

Transforming to matrix notation, equation 115 becomes

| {Q.}" [4: ,%J]/Eb/-[; A; y‘.‘,,_c;d/z

or, can be written as

(@i}« (4, - &) A ] (B f
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Comparing the elements of equations 111 and 117, it nmay be
-seen that for i # j,

A[ % = € A D&J {118)
and for i = j,
Ay 2 ) Ay 4 & A (Di-1) a (219)
K .

Since each of the surfaces considered is isothermal, the inter-
change factor of a surface from itself is not required and the
diagonal, equation 119 need not be solved. Equations 118, along
with 108 and 112, are solved to obtain the gray body interchange
factors required for internal radiation calculations.

. The interchunge factors for the detector involve only the
irradiation from the exhaust system, consequently the Kronecker

delta terms of equations 111 and 117 are zero and again, only
equation 118 is required.

3.3.4 Exhaust System Heat Balance

A thermal heat balance is conducted within the exhaust Bys=~
tem to provide the temperature distribution along all exhaust
system surfaces. Each surface has been subdivided into isothermal
segments (nodes) and it is the temperature of these segments that
18 desired. The subprogram TAS1B is employed to compute these tem-
peratures, This subprogram is a modified version of he existing
program Thermal Anelysis System 1 written by the Jet Propulsion
Laboratory, California Institute of Technology for NASA under con-
tract no. NAS 7-100. :

The nomenclature used within this section is as follows:

A - ‘surface area, ft.2 \2 §
c - overall conductance coefficient, Btu/hr. ft.° °R
H = gray body radiation interchange factor, nondimensional
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vector

square matrix

temperature, °R

Stefan-Boltzmann constant, = 0.1713 x 10

hr. (°R)

8 Btu/ft.2

For any given internal exhaust system node, a steady state energy
balance can be stated as the sum of the energy addition is equal
to the sum of the departing energy. The balance for a node i can
be written as

Y A (Te-Tp )+ ) CA (Ti*-T%) =<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>